Background: Malignant pleural mesothelioma (MPM) is a rare and essentially incurable malignancy most often linked with occupational exposure to asbestos fibres. In common with other malignancies, the development and progression of MPM is associated with extensive dysregulation of cell cycle checkpoint proteins that modulate cell proliferation, apoptosis, DNA repair and senescence.
Malignant pleural mesothelioma (MPM) is a rare malignancy with extremely poor prognosis that arises in the cells of the pleura, most often decades after occupational exposure to high concentrations of asbestos fibres (Sterman and Albelda, 2005) . In spite of strict controls on asbestos use, the incidence of MPM is continuing to rise in many developed countries due to the potentially long latent period (30 þ years) of this malignancy following initial exposure to through the mutation, deletion, amplification or aberrant regulation of a set of critical genes (Sherr, 1996) . Cell cycle progression is controlled by a group of proteins called cyclins that modulate the activity of a family of protein kinases termed cyclin-dependent kinases (CDKs), which in turn regulate the activity of specific transcription factors. The CDKs are also regulated by CDK inhibitors including p14/ARF, p16/INK4A, p15/INK4B, p21/Cip/ WAF1 and p27/Kip1, which show variable expression in different MPM tumours (Spugnini et al, 2007) . In general the expression of CDK inhibitors is often lost in more aggressive tumours, correlating with worse survival.
The CDKN2A gene encodes the p14/ARF and p16/INK4A proteins. The activity of CDK-4/6 is inhibited by p16/INK4A expression, resulting in suppression of Rb hyperphosphorylation by CDK-4/6 and Rb release from E2F, a key transcriptional regulator at the G1/S checkpoint in the cell cycle (Burke et al, 2014) . The loss of p16/INK4A expression, thus contributes to increased free E2F and uncontrolled growth by tumour cells. The p14 polypeptide is expressed from a related mRNA to p16 that has a different exon-1, and alternative splicing onto exon-2 resulting in translation in a different reading frame. The ubiquitin ligase MDM2 is regulated by p14, making p14 a potent tumour suppressor through its regulation of p53 ubiquitination and protein abundance. Homozygous deletion of CDKN2A is detected in a high proportion of MPM tumours (72%), and in 85% of cultured MPM cell lines (Ichimura et al, 2005; Watkins et al, 2008) . The loss of p16 expression is also detected in many other malignancies confirming its role as a tumour suppressor. In addition to deletion, the CDKN2A gene is also subject to hypermethylation leading to the silencing of expression without genetic loss (Watkins et al, 2008) . The reconstitution of p16 expression in MPM cell lines results in cell cycle arrest and suppression of Rb phosphorylation, raising the question of whether there may be a potential genetic therapy approach to treat p16 deficient malignancies (Wong et al, 2002; Watkins et al, 2008) . The strong association between the loss of p16 expression and MPM progression not only makes p16 abundance potentially useful in distinguishing MPM from non-malignant lung conditions, but also in predicting MPM post-diagnosis survival (Dacic et al, 2008) .
In this present study we evaluated the expression of the p16/ INK4A CDK inhibitor in a well-characterised cohort of 88 confirmed MPM cases, and related p16/INK4A expression to post-diagnosis survival and to other patient and tumour characteristics associated with MPM survival.
MATERIALS AND METHODS
Patients and tissue samples. Eighty-eight cases of confirmed MPM and three control subjects were identified from the archival pathology files of the Pathology Unit of the Regional Hospital of Mestre-Venice, Italy. Each diagnosis of MPM was based on World Health Organization criteria, and in all instances, confirmed by clinical, immunohistochemical (IHC) and morphological evaluation. The tissue samples were taken from resected surgical specimens or following videothoracoscopy biopsy. The tissue samples were fixed in neutral formalin and embedded in paraffin. Permission for tissue to be used for research purposes was obtained according to local ethical procedures and following informed patient consent. Clinical data relating to each of the subjects was obtained with consent from primary patient records and coded before analysis by researchers.
Immunohistochemistry. Immunohistochemical parameters for the p16/INK4A-specific antibody were initially optimised using a breast carcinoma tissue micro-array. The IHC analysis for each antigen was performed using a Bond III Automated IHC Stainer (Leica Microsystems, Wetzlar, Germany) on serial 4 mm depth tissue sections from each of the embedded specimens. Slides were treated for 20 min with Leica BondMax Epitope Retrieval Solution 1 (ER1) to achieve post-sectioning antigen retrieval. The specific p16/INK4A primary antibody (SC-468 (C20), rabbit polyclonal antibody, 1 : 200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was applied for 20 min and revealed using the Leica Bond Polymer Refine detection kit (Leica Microsystems). The signal was enhanced using the Leica BondMax DAB enhancer kit (Leica Microsystems). Slides were counterstained with haematoxylin before mounting and microscopic visualisation.
Scoring system. The semi-quantitative determination of p16/ INK4A expression was performed according to the criteria described by Allred et al (1993) . The proportion of positive stained cells was scored as 0 ¼ no cells staining positive, 1 ¼ 0-1% positive, 2 ¼ 1-10% positive, 3 ¼ 10-33% positive, 4 ¼ 33-66% positive and 5 ¼ 66-100% positive. In combination with the proportion score, an intensity score was attributed to each specimen on the basis of the average intensity of staining: 0 ¼ negative, 1 ¼ weak, 2 ¼ intermediate and 3 ¼ strong. The proportion score and the intensity score were added to obtain the total score, and is either 0 or a whole number between 2 and 8. Allred scores of X6 were interpreted as strong staining. Slides were independently evaluated and scored in a blind fashion by two independent observers. Any discrepancies arising in the scoring between the two observers were resolved by review of the specimens under a double-headed microscope and a consensus score was allocated.
Statistical analysis. Differences in post-diagnosis survival were calculated using Kaplan-Meier analysis and survival curves were generated using the TMA Foresight package (TMA Foresight 3.01, Premier Biosoft International, Palo Alto, CA, USA) as described previously (Jennings et al, 2012) . P-values were calculated using a log-rank test (Harrington, 1982) and a P-value o0.05 was taken to be indicative of statistical significance between populations. Multivariate analysis of variance (MANOVA) was performed using the SPSS package (SPSS v21, IBM, Armonk, NY, USA). The expression of p16 was categorised by Allred score (0-3 or 43), histological type was categorised as epithelioid, biphasic or sarcomatoid, age at diagnosis was categorised as o55 years or X55 years, gender was categorised as male or female and therapy was categorised as with or without chemotherapy. Chemotherapeutic treatment and p16 expression were treated as independent variables. Gender, age at diagnosis and hitological type were treated as covariates.
Cell culture. The MPM cell lines used in this study were derived from tumours of epithelioid, biphasic and sarcomatoid subtypes. The epithelioid cell lines used were: REN (Smythe et al, 1994) , MPP-89 (Orengo et al, 1999) , MMP (Cacciotti et al, 2002) , MMB (Cacciotti et al, 2002) , MMCA (Cacciotti et al, 2002) and AccMeso-1 (Usami et al, 2006) . The biphasic cell lines were: Y-Meso-14 (Usami et al, 2006) and Msto-211H (Instituto Scientifico Tumori, Genoa, Italy). The sarcomatoid cell lines used were: H2052 (ATCC, Teddington, UK), Y-Meso-8D (Usami et al, 2006) and H2596 (ATCC). The Met-5A are a TERT-transformed normal mesothelial cell line (Ke et al, 1989) . MCF-7 and T47D breast carcinoma cell lines were purchased from ATCC. All cell lines were routinely maintained in phenol red-free RPMI 1640 medium (Lonza, Slough, UK) supplemented with 10% foetal bovine serum at 37 1C in a humidified atmosphere of 5% CO 2 .
Quantitative PCR. Total RNA was extracted from sub-confluent cell monolayers using the RNeasy extraction kit (Qiagen, Crawley, UK) according to manufacturer's instructions. RNA was quantified and its purity was established using a NanoDrop 8000 spectrophotometer (Eppendorf, Cambridge, UK). Reverse transcription of isolated mRNA to synthesise cDNA was performed using the ImProm-II RT kit (Promega, Dublin, Ireland) according to manufacturer's instructions in a DNA-Dyad programmable heating block (Biorad, Dublin, Ireland). Real-time (RT) PCR was used to quantify the abundance of chosen mRNA species. Realtime PCR was performed using a 7500 Fast System and SYBR Green reagents (Applied Biosystems, Warrington, UK). The primer pairs specific for each of the mRNA species quantified in this study were derived from prior publications where their efficacy had been established experimentally (Kanellou et al, 2008; Li et al, 2009 ) (Supplementary Table 1 ). We confirmed the specificity of each of these primer pairs by BLAST (www.ncbi.nlm.nih.gov/BLAST/) database search, and we also confirmed the efficiency of each of the primer pairs under RT-PCR reaction conditions before analysis. The abundance of each of the mRNA species in the different cell lines was normalised against 18S rRNA abundance and is expressed as relative abundance compared with T47D breast carcinoma cells. A relative abundance of o0.001 compared with T47D cells is treated as not detected.
Western blotting. Lysates were prepared from sub-confluent MPM cell lines grown on 10 cm diameter culture plates. Briefly, MPM cells were lysed in RIPA buffer (1 ml) and the lysate was cleared by centrifugation (10 000 g for 20 min). Equal amounts of the lysates (50 mg protein by Bradford Assay) were separated on a 12.5% resolving phase SDS-PAGE gel. The proteins were transferred to PVDF and probed with a p16-specific monoclonal antibody diluted 1:5000 (SC-56330, Santa Cruz Biotechnology) or a b-actin-specific monoclonal antibody diluted 1:5000 (A5316, Sigma-Aldrich, Arklow, Ireland). Primary antibodies were detected using rabbit anti-mouse horseradish peroxidase conjugate (SigmaAldrich) and visualised by enhanced chemiluminescence (GE Healthcare, Little Chalfont, UK). Exposed films were digitally recorded using Gene Snap software (Synoptics, Cambridge, UK).
Immunofluorescent imaging. The cell lines indicated were grown on 1 cm diameter coverslips for 24 h, then washed in room temperature phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde in PBS. The cell membranes were disrupted in 0.2% Triton X-100 in TBS. Non-specific binding of antibodies and fluorescent conjugates were blocked by addition of 4% BSA and 2% fish skin gelatin (Sigma-Aldrich) in PBS. Bound p16 antibodies (SC-56330, 1 : 200) were detected using rabbit anti-mouse Alexafluor 488 conjugate (1 : 500; Invitrogen, Dun Laoghaire, Ireland). Tetramethylrhodamine isothiocyanate (TRITC) conjugated phalloidin was used to label the actin cytoskeleton. Cells were mounted in Vectashield (Vector Laboratories, Peterborough, UK) containing 4 0 , 6-diamidino-2-phenylindole (DAPI) and examined using a LSM 510 Meta confocal microscope (Zeiss, Oberkochen, Germany). Excitation wavelengths for Alexafluor 488, TRITC and DAPI were 488, 543 and 364 nm, respectively. Images were captured at Â 63 magnification. Scans were performed at 0.9-mm interval depths through the fixed cells and single or merged images are presented as XY single planes through the centre of the cells.
RESULTS
Patient cohort characteristics. The evaluation of p16/INK4A expression by the tumour cells in biopsy specimens from a welldefined cohort of MPM subjects with 45 years post-diagnosis follow-up was performed using IHC (Jennings et al, 2012) . Paraffin-embedded tumour samples from 88 patients with an age range of 44-82 years, and three normal control subjects were subject to analysis. The cohort comprised 72 male and 16 female subjects (Table 1 ). The histological types were determined to be 71 (80.7%) epithelioid, 9 (10.2%) biphasic and 8 (9.1%) sarcomatoid. Cisplatin-based chemotherapy had been given to a total of 64 (72.7%) of the subjects post diagnosis. Twenty of the patients received chemotherapy in combination with surgery and radiotherapy; 21 received chemotherapy with just surgery and three received chemotherapy in combination with just radiotherapy. Ten patients received chemotherapy alone (Supplementary Table 2 ). As described previously for this cohort, the median post-diagnosis survival time was 15 months for patients with epithelioid MPM, 10 months for subjects with biphasic mesothelioma and 6 months for subjects with sarcomatoid mesothelioma (Jennings et al, 2012) . The median survival time for male subjects in this cohort was 10 months and 18 months for female subjects. These trends are consistent with other studies where epithelioid histological type and female gender are associated with better prognosis.
Expression of p16/INK4A in MPM tumours. The p16/INK4 CDK inhibitor is a critical regulator of G1/S transition in the cell cycle and its expression is lost or suppressed in many malignancies including MPM. We found in this present study that p16/INK4A was highly expressed in normal mesothelium and that there was variation in expression of p16/INK4A between the MPM tumour specimens (Figure 1 ). The Allred scoring system was applied to quantify staining in each of the tumour samples for p16/INK4A abundance. A nuclear and cytoplasmic staining with high Allred score (7-8) was observed in 15 (17.1%) of the MPM cases, a low score (0-3) was observed for 45 (51.1%) and an intermediate score (4-6) was observed for 28 (31.8%) cases (Table 1 ). The median post-diagnosis survival for subjects with high or intermediate Allred score was 25 months; however median post-diagnosis survival for cases with negative score was only 8 months ( Figure 2A) . The difference in survival between these two groups was significant (log-rank Po0.001). If high (n ¼ 15) and intermediate (n ¼ 28) expression was separated, their median survival was 29 months and 23 months, respectively ( Figure 2B ), but this difference was not significant (log-rank P ¼ 0.413). The post-diagnosis survival of both the high and the intermediate p16 expression groups were both significantly better than the low expression group (log-rank Po0.001). Thus sustained p16/INK4A expression even if somewhat reduced is associated with better survival.
Correlation of p16/INK4A expression and chemotherapeutic intervention with survival. Chemotherapeutic intervention was given to 64 patients whereas 24 did not receive chemotherapy. Patients with low or undetectable p16 expression were regarded as p16 negative and those patients that had high or intermediate p16 expression were regarded as p16 positive since the difference in survival between the high and intermediate expression groups was not significant ( Figure 2B ). Of the patients who did not receive chemotherapy, 15 were p16 negative and 9 were p16 positive. The median post-diagnosis survival for these two groups was 4 and 7 months, respectively (Figure 3) , this difference was not significant (log-rank P ¼ 0.069). Of the patients who did receive chemotherapy, 30 were p16 negative whereas 34 were p16 positive. The median post-diagnosis survival of these two groups was 14 and 29 months, respectively, and was significant (log-rank Po0.001). The sample size for the untreated cases was not large enough to determine significance. The Wilks' Lambda MANOVA statistic was calculated for the effect of p16/INK4A expression and chemotherapeutic treatment on post-diagnosis survival. Both p16/INK4A expression and chemotherapeutic treatment were significant with values of 0.897 (F ¼ 9.32, P ¼ 0.03) and 0.879 (F ¼ 11.18, P ¼ 0.01), respectively. Age at diagnosis was a significant covariate in the Wilks' Lambda analysis with a value of 0.953 (F ¼ 3.99, P ¼ 0.049), but in this data set histological type and gender were not significant covariates. Sustained p16/INK4A expression by MPM tumours is thus associated with significantly better survival following chemotherapy.
Abundance of p14/ARF and p16/INK4A mRNA in MPM cell lines. T47D breast cancer cell line was used as a positive control for p14 ( Figure 4A ) and p16 mRNA abundance ( Figure 4B ). Expression and localisation of p16 in cell lines. Western blot analysis was performed to evaluate p16 protein expression in Met-5A, MPP-89, REN, Msto-211H, H2052 and H2956 cells. Met-5A and MPP-89 cells expressed equivalent abundances of p16; however, even on overexposure of the film, p16 protein expression was not detected in the REN, Msto-211H, H2052 and H2956 cell lines ( Figure 4C ). Confocal imaging of immunofluorescently labelled p16 revealed that it was localised to both the nucleus and cytoplasm, with greater abundance in the cytoplasm of positively staining Met-5A and MPP-89 cells ( Figure 5 ). This subcellular distribution was in agreement with that observed in the patient biopsy samples, where IHC staining was both nuclear and cytoplasmic. H2052 and H2956 cells did not express p16 detectable by Western blotting or immunofluorescence. is also a cause of p16/INK4A expression loss in a minority of tumours (Kobayashi et al, 2008; Watkins et al, 2008) . We found in this study that p16/INK4A expression was lost (Allred score p3) in 51.1% of MPM tumours and reduced in a further 31.8%, similar to another study using the same p16/INK4A antibody showing loss of expression (o50% cells staining positive) in 54.5% of MPM cases (Bahnassy et al, 2012) . That study also found a similar frequency of decline in p14 expression amongst MPM cases (50.9%). The loss of p16/INK4A expression correlated with significantly worse post-diagnosis survival in this cohort of MPM patients. An association between p16/INK4A loss and worse prognosis in MPM has been identified in other studies (Kobayashi et al, 2008) and is regarded as an accurate predictor of 1-year postdiagnosis survival (Lopez-Rios et al, 2006) . The loss of p16 expression is associated with worse responsiveness to multimodal chemotherapy in ovarian carcinoma (Kudoh et al, 2002) and in triple negative breast carcinoma (Arima et al, 2012) . Heterologous overexpression of p14/ARF and p16/INK4A in a lung carcinoma cell line enhanced sensitivity to cisplatin (Xie et al, 2005) . Sustained p16 expression and chemotherapy responsiveness has not previously been evaluated in MPM. We found that chemotherapeutic intervention was more effective for patients with p16/INK4A expressing tumours. However histological type is also an established predictor of survival and chemotherapeutic efficacy (Flores et al, 2007) , and the majority of epithelioid tumours in this study also expressed p16/INK4A (Table 2 ). Other studies have found that sustained p16/INK4A expression predicts a worse response to chemotherapy in breast carcinoma (Han et al, 2001) and that chemotherapy itself induces p16/INK4A expression as a molecular marker for tissue ageing (Sanoff et al, 2014) . The contribution of p16/INK4A to chemotherapeutic efficacy may be complicated by its role in controlling cell cycle progression, so slowing growth and thus attenuating the responsiveness to inhibitors of DNA replication. Consistent with other studies (Kobayashi et al, 2008; Watkins et al, 2008) , we found that expression of p16/INK4A mRNA was detected in only four out of 11 MPM cell lines, for two of the epithelioid cell lines (MPP-89 and MMP) p16/INK4A expression was 10-fold above that detected in the normal Met-5A mesothelial cells. Expression of p14/ARF was detected in six out of 11 MPM cell lines, but again p14/ARF expression by the MPP-89 and MMP cells was markedly higher than the Met-5A cells. There was some discrepancy between the abundance of p16/INK4A mRNA and the protein abundance detected by western blotting. Recent studies have investigated the post-transcriptional and post-translational regulation of 16/INK4A expression. The p16/INK4A polypeptide has a short half-life in vivo, but the absence of lysine residues precludes degradation by ubiquitin-dependent proteasome activity. It has been proposed that p16/INK4A abundance is in part regulated by REGg-dependent activation of the proteasome (Li et al, 2011) . There is also an emerging role for microRNA species in the regulation of cell cycle regulatory proteins. The expression of p16/INK4A is suppressed by miR24, a microRNA that is upregulated in many malignancies (Giglio et al, 2013) .
When expressed, the majority of the p16/INK4A protein was localised to the cytoplasm with a significant amount of nuclear staining. The distribution of the of p16/INK4A transcription factor to the cytoplasm has been described in other malignancies and is associated with a more invasive phenotype (Nilsson et al, 2004) . The differences in subcellular p16/INK4A distribution is due to differential phosphorylation, and the presence/ absence of specific phosphorylated forms of p16/INK4A can be linked to tumour cell phenotype (Nilsson and Landberg, 2006) . Sustained expression of p16/INK4A predicts survival in MPM and correlates with chemotherapeutic efficacy. Post-translational modification of p16/INK4A may be a better predictor of survival and further investigation of p16/INK4A phosphorylation in MPM is needed. Values are expressed as n (%).
